TITLE: Method of Incorporating Optical Material Into an Optical Fiber 

INVENTOR: Richard B. Dyott 

Related Applications 

This application claims priority to, and incorporates by reference, the entire disclosure of 
U.S. Provisional Patent Application No. 60/219,702, filed on July 18, 2000. 

Field Of The Invention 

The present invention relates to fiber optic sensors. Specifically, the invention relates to 
optical devices for use in telecommunications and fiber optic sensors. 

Background Of The Invention 

Optical fibers have been developed having an asymmetric cross-section, as in US Patent 
4,669,814 to Dyott. Such fibers may be prepared with one side of the optical fiber located near 
the optical guiding region. The guiding region of the fiber may have a non-circular cross-section 
defining two transverse orthogonal axes, which, in combination with the different refraction 
indices of the core and cladding, may permit the de-coupling of waves polarized along said axes. 
The non-circular cross-section of the outer surface of the fiber may have a predetermined 
geometric relationship to the transverse axes of the guiding region, so that the orientation of 
those axes may also be ascertained from the geometry of the outer surface. Such optical fibers 
may be geometrically induced birefringent polarization-preserving fibers. Asymmetric fibers 
with circular cross-section cores may find applications as well, as in US Patent 4,815,817 to 
Levinson. 
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Asymmetric fibers may be used in many fiber optic devices, for example, indium-coated 
polarizers as in US Patent 4,712,866 to Dyott, grating filters as in US Patent 6,075,915 to Koops, 
et al., and many sensor arrangements. For some of these devices, the asymmetric fiber may be 
used to permit access to the fields of the optical waveguide. In practice, however, the core-to- 
surface distance may be large enough to prevent external interaction with the evanescent tails of 
the optical mode field. In US Patents 5,854,864 and 6,047,095, both to Knoesen et al., an 
asymmetric fiber is polished until only a thin layer of cladding remains covering the core so as to 
form an evanescent coupling region. In US Patent 6,185,033 to Bosc et al., an electrode is 
placed adjacent an exposed core of an optical fiber. The devices recited in these patents may 
provide better access to the fields of the optical waveguide. However, coupling and alignment 
considerations may remain, as evanescent field interactions are weak and may thus require the 
interaction length to be long or the amount of control voltage to be high. In devices coupling 
light out of the core by having an electro-optic material of higher refractive index than the core, 
the light must be coupled back into the core. This is necessarily wavelength selective, though 
most devices are desired to be broadband. Further, the refractive index of the electro-optic 
material is a function of temperature, which function may not normally be the same as that for 
the core. The performance of such devices may thus be very temperature dependent, requiring 
such devices to be temperature stabilized. Thus, a method for permitting direct access to the 
fields of the optical waveguide would find use in a wide variety of fiber optic devices, including 
those devices mentioned previously as well as other fiber optic applications, such as 
telecommunications and sensors. 
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Summary Of The Invention 

According to one aspect of the invention, fiber material may be removed from an optical 
fiber to expose the fiber core and the core may then be at least partially removed. One or more 
optical materials may then be incorporated into the core area to replace the removed core. As 
5 used herein, an optical material may include any of numerous materials that may be optically 
transmissive of light propagating within the fiber, and/or may have optically useful properties. 
In one embodiment, the fiber material and core may be removed by etching. In another 
embodiment, the fiber material may be removed by side polishing and the core removed by 
q etching. In a further embodiment, the fiber material and/or core may be removed by excavation 
30 with an eximer laser. Other embodiments may include fiber material and/or core removal by 
W Reactive Ion Etching and other methods as are known in the art. 

;L_ According to another aspect of the invention, an asymmetric fiber may be etched until 

; one side of the fiber may be near the core. In one embodiment, the fiber is further etched on a 
h selected portion of the side near the core to at least partially remove the core and at least one 
1 5 optical material may then be incorporated into the core area to replace the removed core. In 
another embodiment, the core may be excavated by an eximer laser to at least partially remove 
the core. 

According to another aspect of the invention, a circular fiber may be side polished until 
the core may be nearly exposed. In one embodiment, the core may then be at least partially 
20 removed by etching the side polished face. In another embodiment, the core may be at least 
partially removed by excavation with an eximer laser. The removed core material may then be 
replaced by at least one optical material. 
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According to another aspect of the invention, material may be removed from an optical 
fiber to expose the fiber core and the core may then be at least partially removed. In one 
embodiment of the invention, the removed core material may then be replaced with an electro- 
optic material. In another embodiment of the present invention, the removed core material may 
be replaced with a rare-earth doped material In yet another embodiment of the present 
invention, the removed core material may be replaced with a thermo-optic material. In a further 
embodiment of the present invention, the removed core material may be replaced with a 
combination of optical materials. 

Further features and advantages of the present invention will be apparent from the 
following description of preferred embodiments and from the claims. 

Brief Description of the Drawings 

The following figures depict certain illustrative embodiments of the invention in which 
like reference numerals refer to like elements. These depicted embodiments are to be understood 
as illustrative of the invention and not as limiting in any way. 

Fig. 1 is a transverse cross-sectional view of an optical fiber having an asymmetric 
configuration; 

Fig. 2 is a longitudinal cross-sectional view of the fiber of Fig. 1 after at least a portion of 
the core has been removed; 

Fig. 3a is a transverse cross-sectional view of one embodiment of the fiber of Fig. 2 taken 
atllla-IIIa of Fig. 2; 
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Fig. 3b is a transverse cross-sectional view of one embodiment of the fiber of Fig, 2 taken 
atlllb-IIIb of Fig. 2; 

Fig. 3 c is a transverse cross-sectional view of another embodiment of the fiber of Fig. 2, 
corresponding to the view of Fig. 3b; 

5 Fig. 4 is a partial transverse cross-sectional view of the fiber of Fig. 2, with a layer of 

optical material laid over its flat face; 

Fig. 5 is a partial transverse cross-sectional view of the fiber of Fig. 4, with excess optical 
S material removed; 

5 Fig. 6 is a partial transverse cross-sectional view of the fiber of Fig. 5, with a cladding 

BIO layer; and 

3 Fig. 7 is a partial transverse cross-sectional view of the fiber of Fig. 6, with an electrode 

and protective coating attached. 

^ Detailed Description of Certain Illustrated Embodiments 

Referring now to Fig. 1, an optical fiber 10 is shown in transverse cross-section. Fiber 10 
15 may be comprised of a fiber core 12 and a cladding 14. Core 12 may be circular or may be 
another suitable shape to support desired modes within fiber 10. Fiber 10 is seen to be an 
asymmetrical fiber 10, i.e., the location of fiber core 12 may be substantially asymmetric with 
respect to a center of the cladding 14, with core 12 closer to one surface portion 10a of cladding 
14 than to a remaining surface portion 10b of cladding 14. In one embodiment, illustrated in 
20 Fig. 1, fiber 10 may be fabricated as a D-shaped fiber. In another embodiment, fiber 10 may be 
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fabricated as a circular fiber with a portion, indicated by dotted line 10c in Fig. 1, having been 
removed to form an asymmetric fiber 10 such as illustrative D-shaped fiber 10. 

Referring now to Fig. 2, the asymmetrical fiber 10 of Fig. 1 is shown in longitudinal 
cross-section after at least a portion of core 12 has been removed with surface portion 10a having 

5 a generally flat surface and surface portion 10b having a generally rounded shape. In the 
embodiment of Fig. 2, a length Li of core 12 may have been completely removed. In another 
embodiment, core 12 may have been partially removed such that a portion of core 12 remains, as 
indicated by dashed line 12a. Further, a portion of cladding 14 may have also been removed. In 
one embodiment, cladding 14 may have been removed in at least two steps. In a first step, a 

10 length L 2 of cladding 14 may be removed such that only a thin layer 14a of cladding 14 covers 
core 12, though layer 14a may not be so thin as to permit significant evanescent mode 
interaction. In a second step, length Li of both cladding layer 14a and core 12 may be removed. 
Removal of cladding 14 and core 12 may be accomplished by etching in, for example in one 
embodiment, hydrofluoric acid. In the first step of one embodiment utilizing etching, fiber 10 

15 may first be exposed to the etching agent along length L 2 so as to remove layer 14b covering 
core 12. Fiber 10 may be completely exposed to the etching agent along length L 2 such that a 
portion of cladding 14 may be removed from all surfaces of fiber 10, as indicated by dashed line 
14c. 

Alternatively, only surface portion 10a may first be exposed to the etching agent, leaving 

20 remaining surface portion 10b substantially intact. Next, etched surface 10a' of fiber 10 may be 

exposed to the etching agent along length Li so as to etch away, or remove both layer 14a of 

cladding 14 and at least a portion of core 12. In one embodiment of the present invention, core 

12 may be fabricated of germanium-doped silica, whereas cladding 14 may be fabricated of 
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silica glass. Germanium may be typically incorporated in the core 12 to provide a higher index of 
refraction required for wave-guiding. As is known in the art, the etching rate of germanium- 
doped silica is much greater than that of pure silica so that exposure of length Li to an etching 
agent may proceed to remove thin layer 14a until core 12 may be reached. At this point, etching 

5 of core 12 may proceed at a much faster rate than etching of cladding 14 surrounding core 12, 
thus removing at least part of the core, while cladding 14 adjacent core 12 may remain. In one 
alternative embodiment, etching to remove cladding, thin layer 14a and core 12 may proceed in a 
single step. In another alternative embodiment of the invention, cladding 14 may be removed 
down to layer 14a by side polishing the length L 2 of fiber 10. Further embodiments may include 

10 removing cladding 14, layer 14a, core 12, or combinations thereof by excavation with a laser, 
such as an eximer laser, by Reactive Ion Etching (RIE), or by other means as may be known by 
those skilled in the art. 

Referring now to Figs. 3 a through 3 c, partial transverse cross-sectional views of the 
resultant shape of asymmetric fiber 10 after removal of cladding 14 and core 12 are illustrated. 

15 In the embodiment of Figs. 3a through 3c, removal of cladding 14 and core 12 may have 

proceeded in accordance with the two step etching process previously described, though other 
removal processes described herein or known in the art may yield similar shapes. Fig. 3 a is 
taken along line Illa-IIIa of Fig.2 and may correspond with completion of the first etching step. 
A portion 14b of cladding 14 may have been removed, leaving thin layer 14a over core 12. Fig. 

20 3b is taken along line Illb-IIIb of Fig.2 and may correspond with completion of the second 

etching step. In the embodiment of Fig. 3b, thin layer 14a and core 12 may have been removed. 
In one embodiment, as shown in the transverse cross-sectional view of Fig. 3 c and corresponding 
to the cross-sectional location of Fig. 3b, only a central longitudinal portion lOd of fiber 10 may 
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have been exposed to the etching agent, such that cladding 14 not within central longitudinal 
portion lOd may not have been removed. 

Upon completion of the removal process, fiber 10 may be held firmly in place, as by a 
fixture, a clamp, embedment in a matrix, or other such holding means as may be known in the 
art, and an optical material may be deposited over fiber 10 in the area generally corresponding to 
the removed cladding and core. Referring now to Fig. 4, there is shown a partial transverse 
cross-sectional view of the asymmetric fiber 10, corresponding to Fig. 3c, with optical material 
16 applied thereto. As noted previously, optical material 16 may include materials that may be 
transmissive of light propagating through fiber 10 and/or materials that may have optically useful 
properties. It is further noted that more than one optical material 16 may be deposited, either in 
horizontal layers, generally corresponding to line 12a of Fig. 2, or in longitudinal layers along 
length Li of Fig. 2. In one embodiment, optical material 16 may be a doped polymer or electro- 
optic polymer and may be spin coated onto fiber 10. In other embodiments, optical material 16 
may be a thermo-optic material, a rare-earth doped material, a material having a high verdet 
constant, a material having amplification properties, i.e., material that may act as an amplifying 
medium, or other material as may be required for desired applications as may become evident to 
those skilled in the art. 

As seen in Fig. 4, optical material 16 may have been deposited beyond central portion 
lOd. In one embodiment of the present invention, it may be necessary to remove excess optical 
material 16 that may have been deposited outside central portion lOd such that light within fiber 
10 may not escape from the desired waveguide region, i.e., from the central region lOd. In this 
and other embodiments, excess optical material 16 may be removed by means known to those 
skilled in the art, such as plasma etch or RIE, with the resultant shape as shown in Fig. 5. It is 
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noted that, for the embodiment of Fig. 3b, the optical material may still only be required to be 
deposited over central portion lOd of fiber 10. In one embodiment having a cross-section as 
shown in Fig. 3b, optical material 16 may be deposited over the full surface portion 10a of fiber 
10. In another embodiment having a cross-section as shown in Fig. 3b, surface portion 10a may 
be masked to expose only an area corresponding to central portion lOd of Fig. 3c, and optical 
material 16 may be deposited over the masked area and the central area lOd. In either 
embodiment, excess optical material 16 will be removed as described previously, such that a 
shape as shown in Fig. 5 may remain. 

As shown in Fig. 5, optical material 16 may include a core portion 16a, corresponding to 
core 12, and a layer portion 16b, corresponding to thin layer 14a. In one embodiment, layer 
portion 16b may be constrained to a thickness "t" sufficiently small in optical wavelengths so as 
not to provide a light path. Referring again to Fig. 2, coupling between core 12 of fiber 10 and 
optical material 16, may be facilitated by tapering the transition between core 12 and optical 
material 16, as indicated by angle a in Fig. 2. Such a taper may ensure efficient transfer of 
guided waves from fiber 10 to optical material 16 and back again, without the need for additional 
fiber splices. 

In at least one application utilizing the present invention, optical material 16 may need to 
be poled, i.e., it may be necessary to cause dipole moments within material 16 to become 
aligned, as is well known in the art. However, the poling process may result in microscopic 
damage to material 16, which may result in optical losses beyond that desired. Thus, in one 
embodiment of the invention shown in Fig. 6, a protective layer 1 8 may be applied to fiber 10 
prior to poling. In addition to protecting optical material 16 during poling and serving as a 
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cladding, layer 18 may have a lower refractive index than optical material 16 so as to prevent 
optical losses. 

Fig. 7 illustrates a further embodiment of the invention having an electrode 20 affixed to 
protective layer 18 generally opposite optical material 16. Exterior protective coating 22 may 
then be applied over protective coating 18 and electrode 20 so as to provide additional protection 
to a device 24 formed by optical material 16 and electrode 20. Depending on the composition of 
optical material 16, the poling of material 16, the placement of electrode 20 and other treatments 
as may be desired and readily evident to those skilled in the art, the device 24 may be configured 
as a phase modulator using electro-optic material, an optical amplifier or source using rare-earth 
doped material, or a tunable filter by superimposing a diffraction grating in the material. In 
further embodiments of the device 24, device 24 may be a switchable directional coupler by 
adjoining two fibers 10, or material 16 may have a high verdet constant such that device 24 may 
be an optical in-fiber isolator when used with a periodic magnetic field with pitch related to the 
beat length. Further, electrode 20 may include arrays of electrodes, spanning longitudinally, 
transversely, or in both directions along fiber 10. 

While the invention has been disclosed in connection with the preferred embodiments 

shown and described in detail, various modifications and improvements thereon will become 

readily apparent to those skilled in the art. As an example, core 12 of fiber 10 may be removed 

and replaced with optical materials at a series of discrete areas along the length of fiber 10. The 

length Li may be varied such that the areas of replaced core along the length may resemble a 

series of dots (shorter Li), a series of dashes (longer Li), or combinations of both. The 

embodiments as described herein, and as may become apparent to those skilled in the art, may 

permit direct access to the fields of the optical waveguide, thus allowing for shorter interaction 
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lengths or lower control voltage than prior art devices using evanescent field interactions. 
Further, devices utilizing the present invention may not be wavelength selective or temperature 
dependent to the extent that such prior art devices are. Accordingly, the spirit and scope of the 
present invention is to be limited only by the following claims. 
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